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LTC4, leukotriene C4; NEM, N-ethylmaleimide; PAH, polycyclic aromatic hydrocarbon; PCR, polymerase chain reaction; RFLP, restriction fragment length polymorphism; SCE, sister chromatid exchange.
are caused from exposures to tobacco smoke and dietary components (1) . To be able to protect cells from damage by the exposure of various forms of reactive substances, cellular systems for detoxification are essential. Two major systems that strongly regulate the susceptibility to, e.g., cancer have been identified, namely the enzymes involved in drug metabolism and in DNA repair. Since most carcinogens or mutagens need to be altered chemically by drug-metabolizing enzymes (2) before they can exert their genotoxic effect, the importance of these enzymes in regulating the levels of induced genotoxic effect in cells is obvious. The cytochrome P450 system is able to metabolize a various number of xenobiotics to highly reactive intermediates such as epoxides, which can bind covalently to cellular components. The enzymatic conversion of these epoxides to less reactive intermediates is protective and occurs by spontaneous conjugation with glutathione (GSH) or enzymatic conjugation by glutathione transferases (GSTs), as well as by hydration to the corresponding trans-dihydrodiol catalyzed by epoxide hydrolases (EHs) (3, 4) .
Glutathione Transferases and Glutathione
Glutathione transferases (GSTs) are a complex multigene family of enzymes that possess many biological functions such as the important step in detoxification of a large number of electrophiles. Such conjugation reactions result in the synthesis of mercapturic acids and represent an important excretory route for many xenobiotics (5, 6) . For some classes of substrates, the initial conjugates are broken down by a second reaction with glutathione (GSH). One example is organic hydroperoxides (7) and ozonides (8) , in which in addition to glutathione, disulfide (GSSG), an alcohol, is formed. Another example is alphahalogeno ketones (9) , in which halogen is replaced by hydrogen in addition to the formation GSSG. These examples are shown in Figure 1 .
Although GSTs are generally recognized as detoxifying enzymes, they may also be involved in activation processes of some carcinogens such as haloalkanes and haloalkenes (10, 11) . It has been shown that GSTs can catalyze the formation of an episulfonium ion via ethylene dibromide and GSH. If this reactive intermediate is formed, it will react with nucleophiles such as water, GSH, or guanine in DNA (Figure 2 ).
Cytosolic GSTs are dimeric proteins with an approximate molecular weight of 25,000 Da for each subunit. The largest amount of GST protein is present in the liver, representing 3 to 5% of total soluble proteins (12) . The mammalian GST can be separated into four classes, based on substrate specificity, immunological identity, protein, and DNA sequence. The different classes comprise alpha, mu, pi, and theta. The structural similarity of the amino acid sequence identity among members within each class is > 50%, with (14) .
The Alpha Class Glutaione Tnserase
Among the alpha gene family, five human GST isoenzymes have been identified (15) (16) (17) that are present on chromosome 6pl2 (may include some pseudogenes). Of these, at least GSTA1 and GSTA2 are widely expressed in human tissues but their expressions are subject to a marked variation. Thus, levels of GSTA1 and GSTA2 may vary considerably between different tissues and individuals (18) . The alpha class isoenzymes are strongly expressed in, e.g., liver, kidney, and adrenal tissue. However, it has been reported that this alpha class of isoenzymes is not expressed in these organs in some individuals (19) . This genetically determined deficiency is believed to be extremely rare. An apparently common restriction fragment length polymorphism (RFLP) of GSTA2 has been reported (20) . The significance of this polymorphism is still unknown.
Characteristic properties of the alpha class GSTs include, besides conjugation of various agents with GSH, isomerization of different ketosteroids and the nonseleniumdependent GSH peroxidase activity towards organic hydroperoxides (21) . A different form, other than the liver isoenzymes of alpha class GST, has been identified in human skin (16, 17) which exhibits a considerably high peroxidase activity. Since ultraviolet light is known to cause lipid peroxidation in liposomal membranes, it is likely that the expression of this "skin" GST can contribute to the protection of these cells against the oxidative stress. Compared with other GSTs, GSTA2 has been shown to exhibit the highest activity towards the recently discovered 9,10-methyl-linolate ozonide, which is postulated to be the intermediate in the toxicity of ozone (8) . The alpha class GSTs appear also to be the major GST isoenzyme responsible for the hepatic binding of bilirubin and other organic anions (22) .
The Mu Class Glutadbione Transferase Five genes of the mu class GST, numbered MI to M5, have been identified in humans (23, 24) . These genes occur as a cluster on chromosome 1p13 (23, 24) . The expression of these genes exhibits a comparatively large between-tissue variation. The most commonly expressed gene is GSTMI, which has a similar expression pattern to that of the alpha class isoenzymes. GSTM2 is more restricted to skeletal muscle, as is GSTM3, which also has been found in brain, lung, and testis. GSTM4 has been found in a human lymphoblastoid cell line and GSTM5 is expressed in the brain (25, 26) .
The most interesting aspect of the mu gene family may be the genetic polymorphism noticed for GSTMI. This phenomenon was first recognized in human liver, where the isoenzyme GST p (previous designation) was expressed in only a part of the population of the samples analyzed (27) . The expression of GSTMI has been shown to be autosomal dominant inherited, and between 40 and 60% of most populations express GSTM1 (28) . Two allelic variants have been described for GSTMI, GSTM1a and GSTMlb, with similar enzyme activity towards substrates for GSTM1. It has been shown that the cDNAs coding for these variants only differs in one amino acid, at the position 172 (29, 30) . The genetic polymorphism exhibited by GSTMI may be a factor in determining an individual's susceptibility to the toxic effects of various xenobiotics. For example, the high activity of GSTM 1 (a and b) towards many epoxide metabolites from polycyclic aromatic hydrocarbons (PAHs), which are generally thought to possess considerable mutagenic and carcinogenic potential, may be of particular significance (31) . It has been suggested, for example, that these isoenzymes could serve as genetic markers in the susceptibility for certain forms of cancer (32) . The deficiency of GSTMI has been shown to increase the susceptibility to DNAadduct formation (33) and cytogenetic damage (34) .
Polymorphism among other GSTM genes has not yet been investigated, even though a minority (about 10%) has been shown to fail to express GSTM3 in brain in one study (25) .
The Pi Class Glutathione Transferase
Among the pi genes, GSTP1 has been identified; this gene has been mapped on chromosome 11q13 (35) . This isoenzyme appears to be the most widely distributed enzyme of all GSTs and it is the most abundant form in many tissues (36) except in the liver, where the alpha and mu gene families are highly expressed. However, in the fetal liver the major GST form is a pi class isoenzyme. Several cDNA clones have been isolated (37) with only some minor differences, which probably represent allelic variants of a single locus, rather than transcripts of different genetic loci (38) . It remains to be determined whether these differences contribute to individual variations in activity.
The enzyme activity exhibits a large interindividual variation that may be of clinical significance. Several reports have suggested a possible role for GSTP1 as a general tumor marker, determined in plasma (39, 40) . However, the appearance of GSTP1 in, e.g., human hepatic tumors is not specific only to the preneoplastic state, since this expression can also be seen in cirrhotic liver patients (41) .
The Theta Class Glutatbione Transferase
This gene family is the most recently identified GST gene. Two genes, GSTTI and GSTT2, have been isolated from human liver (42, 43) . Their expression seems to be widespread in humans, and it might have a fundamental role that has not been fully investigated.
The human GSTT1 isoenzyme has attracted interest since Ketterer and colleagues (44) (46) .
Since some of the lesions in DNA may be peroxides, e.g., irradiation of free thymidine, which gives a substantial yield of thymidine hydroperoxides (47, 48) and since it has been shown that GSTT has a considerably high activity towards these DNA hydroperoxides, it is likely that GSTT plays a protective role in this manner. On the other hand, it can also be assumed that the positive phenotype may be more sensitive to exposure to halogenated solvents such as methylene chloride. This is converted into formaldehyde, which is considered to be more toxic than methylene chloride itself (49) .
Membrane-bound Glutathione Transferases
The microsomal GST appears to have an evolutionary origin totally distinct from that of the cytosolic GSTs. It is present in the endoplasmic reticulum and in the outer mitochondrial membrane and consists of three subunits, each with a molecular weight of 17,300 Da (50) . It is most abundant in the liver but some studies have also shown the expression of this enzyme in the lung. The cDNA for this enzyme has been cloned and it seems to be encoded as a single copy gene on chromosome 12 (51) . Of special interest for the microsomal GST is the ability to be activated in vitro by different sulfydryl agents such as N-ethylmaleimide (NEM), diethylmaleate, dithiopyridol, cystine, and glutathione disulfide. The activation of this enzyme can be up to 20-fold by NEM towards the substrate 1-chloro-2,4-dinitrobenzene (CDNB). The more pronounced the activation process seems to be the more reactive the substrates are. No activation in vivo has yet been seen in humans but it has been demonstrated in the rat by CC14 and phorone, both of which produce reactive oxygen radicals. Acrolein, which itself is a product of oxidative stress, has also been shown to increase the microsomal GST activity in vivo (52, 53) .
Leukotriene C4 synthase, an enzyme that is quite specific for the conjugation of (64) . The existence of a single functional mEH gene per haploid genome in humans and rats has been proposed (65) . In contrast to the GSTs and cytochrome P450s, an absence of genetic complexity has been observed for mEH.
The mEH exhibits a broad substrate specificity, ranging from simple aliphatics, e.g., octene oxide, to large polycyclic aromatic hydrocarbons, e.g., different benzo[a]pyrene epoxides.
In addition, it has recently been suggested that mEH might mediate the transport of bile acids, such as taurocholate, into hepatocyte smooth endoplasmic reticulum vesicles (66) and that the protein can exist in two orientations in the membrane.
Soluble Epoxide Hydolases
Soluble EH (sEH) is an enzyme with a complementary substrate specificity to mEH and it seems to be present in all species investigated. The specific substrate is trans-stilbene oxide. Compared with mEH, sEH appears to be more substrate selective, unable to metabolize bulky steroids and polycyclic aromatic hydrocarbons. There seems to be a large interindividual variation in the expression of sEH that is much larger than for mEH.
It has been shown that sEH in human lymphocytes decreases the induction of SCE caused by trans-,B-ethyl styrene, which is an in vitro substrate for sEH (67) .
The cloning and expression of a cDNA encoding sEH predicts a protein of 554 amino acids (62, 640 Da) . The cloned sEH hydrolyzed cis-stilbene oxide faster than it hydrolyzed trans-stilbene oxide, a reverse of the activity profile seen in sEH of the mouse (68). The enzymatic activity was inhibited by phenylglycidols. The gene (EPHX2) has been localized to chromosomal region 8p21-p12 (69) .
Under certain conditions, mEH seems also to be present in the cytosol, where it has been detected in rat and human liver by using catalytic and immunochemical assays. This enzyme, sEHPNSO, has been purified from human liver cytosol (70) .
Cholesterol Epoxide Hydolases
This enzyme is expressed in the microsomes as mEH but has a very limited substrate specificity for certain steroids only. It is present in all species so far investigated. The specific substrate is cholesterol 5,6-oxide, which, it has been suggested, is formed during lipid peroxidation or ultraviolet irradiation of the skin (71) . The level of cholesterol 5,6-oxide seems to increase under certain pathological conditions, such as ulcerative colitis, colon cancer, and hypercholesterolemia (72) .
Leukotriene A4 Hydrolase
This cytosolic enzyme has been purified and characterized from various types of blood cells. The enzyme has a very narrow substrate specificity. The product of the hydration of leukotriene A4 (LTA4) is not vicinal but rather a 5,12-diol (73) . There appears to be no immunological relationship between LTA4 hydrolase and any other EH characterized so far. A summary of the different substrate specificities for EHs is shown in (Table 3) .
Modulation of Glutathione Transferase and Epoxide Hydrolase Activities
The activities of either GSTs (49) . Whether the inhibition found in vitro with cytosolic fractions or by purified isoenzymes has any relevance in vivo requires further studies. However, a number of quinones have been shown to be capable of inhibiting GST activity in a cellular system, indicating that inhibition by these compounds is possible under physiological conditions and might occur in vivo. Misonidazole, a radiosensitizing drug, has been shown to inhibit GST activity in mouse liver in vivo (77) . In humans, ethacrynic acid and its analogs interfere with hepatic GST, and a number of antibiotics (penicillins and cephalosporins) inhibit human GSTP1 with an irreversible mechanism (78) .
Competitive inhibitors of mEH include oxiranes with a 1-aryl or 1-alkyl substituent, juvenile hormone epoxides, and the antiepileptic drug valpromide. Mercury (82) .The sterole imine 5,6a-imino-5a-cholestan-3p-ol completely inhibits cholesterol EH, while having no effect on either mEH or sEH activities. It has therefore been used diagnostically in the identification of cholesterol EH (83) .
Determination of Glutathione Transferases and Epoxide Hydrolases ex Vivo EnzymaficActvity
In in vitro assays, most of the work done with GST involves substrates chosen not because of their biological significance but because their GSH conjugation results in an optical density change that can be used in a convenient spectrophotometric assay. Much of our current understanding of GSTs relates to these substrates ( Table 2) . The most commonly, used substrate is CDNB, since it is well utilized by most of the human GSTs, except GSTs included in the theta class. Other substrates are chosen because they are relatively specific for a particular isoenzyme(s) and may be used to detect or quantify it, e.g., trans-stilbene oxide which seems to be very specific for the determination of GSTM1 (28) .
In vitro assays used for the EHs often involve the use of radiolabeled substrates. Because of the ease and speed with which this method is carried out, it is mainly used for routine assays. Examples of substrates used are styrene 7,8- 
Determination of Glutathione Transferases in Plasma
Some problems are associated with activity measurements of GST in plasma. First, normal plasma levels of GST are comparatively low and a precise measurement of activity is difficult to achieve. Second, several GSTs bind to a number of anions such as bile salts and bilirubin, which will inhibit the enzymatic activity (24) . In liver disease, when high plasma concentrations of these anions occur, the activity of the GST released from the hepatocytes into plasma is inhibited, which will affect the sensitivity of such tests. Because of these problems, assays of plasma or serum GST based on activity measurements have proved to be of little clinical value (84, 85) .
Immunoassays have been described and may allow the precise and specific determination of each of the cytosolic GST classes (86, 87) . For example, it is possible to determine a specific GST subunit within a certain class such as GSTA1 and GSTA2 (87, 88) . Immunoassay measurements also determine the GST concentrations even when they are enzymatically inactive, due to the presence of inhibitors such as bilirubin or bile salts. It has become apparent through the use of these immunoassays that the determination of GST may have a clinical role in the diagnosis and monitoring of patients with different diseases (89) .
A number of reports have appeared on the possible use of the occurrence of GSTP in plasma as a tumor marker. Although a number of other human tumors express increased levels of pi, this seems not to be a general phenomenon. Therefore, its use as a lung and renal tumor marker is questionable (90 (63) . The respective protein sequences deduced from these DNAs demonstrated less than 2% variation in human mEH amino acid content. Despite the similarities, there are striking interindividual differences in mEH activity measured in human populations (91, 100) . The PCR technique has been used to identify variation in the amino acid composition in humans. The variation detected at residues 113 and 139 did not exert a primary influence on catalytic function but may affect the stability of mEH protein (63) . The entire EPHXI gene has been cloned and sequenced (101) . Results from expression experiments in COS-1 and HepG2 cells suggested that the human mEH gene contained a weak core promoter and that inclusion of DNA sequences 5'of the minimal promoter region negatively regulated constitutive transcription (101) .
Genetic factors that regulate sEH have been studied in normal human lymphocytes (102) . The study included mono-and dizygotic twins and 100 unrelated male subjects. The variability of the activity was markedly less within monozygotic than dizygotic twins. The extent of the interindividual variation was as much as 11- 
